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Relationships between local order and magnetic behavior in amorphous Fe, 30Y 70:
Extended x-ray-absorption fine structure and susceptibility
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X-ray-absorption near-edge-structure spectroscopy, extended x-ray-absorption fine-structure
spectroscopy, electron energy-loss spectroscopy, and susceptibility measurements have been used
to study the relationships between local order, d-band occupancy, and magnetic properties in
amorphous Feg 30Yo.70. All the results can be interpreted as being due to the existence of amor-
phous iron clusters in an amorphous yttrium matrix. The relations between structure and magnet-
ic properties in amorphous binary alloys are discussed.

I. INTRODUCTION

Magnetism in amorphous alloys has been the subject of
intense discussion and study for two decades. A great
deal of work has appeared in the literature in this field in
general and on amorphous iron-yttrium alloys in particu-
lar,! indicating the high degree of fundamental interest
and technological importance of these alloys. Progress
has been hampered, though, by a lack of detailed structur-
al information in noncrystalline systems.

In order to completely understand the magnetic proper-
ties of amorphous alloys it is of crucial importance to
know in detail the short-range order about the magnetic
species. Recent extended x-ray-absorption fine structure
(EXAFS) studies’™* have repeatedly demonstrated the
inadequacy of a dense random packing of hard-spheres
model; the possibility of clustering, or chemical short-
range order (CSRO) must be taken into account since de-
viations from random packing will affect the electronic
structure and magnetic behavior of the material. It is thus
necessary to describe the environment of the magnetic
atoms before explaining the bulk magnetic properties.

In order to more completely characterize the amor-
phous Fej 30Y 79 alloy, we have performed x-ray appear-
ance rear-edge structure (XANES), EXAFS, electron-
energy-loss  spectroscopy (EELS), and magnetic-
susceptibility measurements on triode sputtered samples.
Together, EXAFS and XANES can describe the local en-
vironment of the atomic species,” EELS can measure
changes in d-band occupancy,” and superconducting
quantum-interference device (SQUID) susceptometry
measurements can give the bulk magnetic behavior of the
material. By combining these techniques we can arrive at
a model consistent with the results of each and examine
the relationships between structure and magnetic behavior
in amorphous binary alloys.

II. EXPERIMENTAL PROCEDURE

Samples for XANES, EXAFS, and susceptibility mea-
surements were prepared by argon-ion triode sputtering
onto glass slides (EXAFS and XANES) and coverslips
(susceptibility) from a Fep 35Yo 65 (eutectic composition)
target to thicknesses of 5000 A. Samples for EELS mea-
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surements were prepared by sputtering onto air-cleaved
rock salt to a thickness of 300 A. After deposition the
EELS samples were floated off the rock salt in deionized
water and mounted onto transmission-electron-micro-
scope grids. The thicker samples showed no x-ray
diffraction peaks, and the EELS samples were checked
by transmission electron diffraction and showed only
broad, diffuse scattering rings. The alloy composition
was determined to be 30(%5) at. % Fe and 70(%5) at. %
Y by electron-induced x-ray fluorescence.

XANES and EXAFS measurements on the amorphous
alloy and on the intermetallic compound YFe, were made
on the X-11A beamline at the National Synchrotron Light
Source. Measurements on the amorphous alloy were
made in fluorescence mode and on the intermetallic in
transmission mode. All measurements were made at
room temperature. In each case, the incident and
transmitted or fluorescent intensities of several consecu-
tive scans were summed to improve the signal-to-noise ra-
tio. The iron K-edge XANES spectra for pure iron, crys-
talline YFe,, and the amorphous Fej30Y 7o alloy are
shown in Fig. 1. The k-weighted iron and yttrium EX-
AFS spectra for the intermetallic and the amorphous al-
loy, normalized by procedures described elsewhere,® are
shown in Fig. 2.

EELS spectra were made at the Argonne National
Laboratory Electron Microscopy Center using a Phillips
420 transmission electron microscope operating at 120
kV. The energy-loss spectra were measured on a Gatan
607 energy-loss spectrometer. The energy resolution was
less than 2 eV, and the 3.5-mrad acceptance angle as-
sured the validity of the dipole approximation. The
300-A thickness of the sample was chosen to minimize
multiple-scattering events while maintaining the
mechanical stability of the sample.

The magnetic measurements were done with an au-
tomated SQUID magnetometer. Portions of the amor-
phous Feg 30Yq 7o film on its substrate were mounted with
the applied field parallel to the film, and data were ob-
tained for a number of field-temperature sequences. Por-
tions of the substrate were subsequently measured using
the same procedures and these data were used to identify
the results associated with the amorphous alloy film. The
weakest signal was 50 times greater than the detection
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FIG. 1. Iron K-edge XANES for (a) pure Fe, (b) crystalline
Fe,Y, and (c) amorphous Feg 30Y, 70

limits of the system and the reproducibility checks indi-
cate that 5% is an upper limit of error. All samples were
mounted in a Kel-F bucket, whose magnetic properties
were known and reverified, and the calibration of the
magnetometer was verified using a NBS Pt standard.

III. RESULTS

A. EXAFS and XANES

The iron K-edge XANES data in Fig. 1 show
significant differences between the bec iron and the close-
packed crystalline Fe,Y. The differences in edge structure
can be interpreted as reflecting the different packing ar-
rangements,7 and consequently the similarities between
the Fe,Y and the Fej 30Y 59 spectra indicate that both are
nearly close packed; i.e., the iron atoms have 12 near
neighbors in the amorphous alloy.

The EXAFS spectra shown in Fig. 2 immediately re-
veal a number of important points. First, it is apparent
that even though the iron in the amorphous alloy is 12-
coordinate, the Fe EXAFS amplitude of the alloy is much
lower than in the intermetallic compound. In addition,
the amplitude of the yttrium EXAFS of the alloy is small-
er than even the amplitude of the iron EXAFS. It has
been shown® that increases in disorder will greatly de-
crease EXAFS amplitudes, so it can be qualitatively in-
ferred that the local environment of the yttrium is far
more disordered than that of the iron.
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FIG. 2. (a) k-weighted iron and (b) yttrium K-edge EXAFS
spectra  of crystalline Fe,Y (solid lines) and amorphous
Feo 30Yo.70 (dashed lines). Amplitude of the yttrium EXAFS in
the amorphous alloy is multiplied by 10.

The absolute values of the Fourier transforms of the
EXAFS, shown in Figs. 3(a) and 3(b), are useful in fur-
ther interpreting the EXAFS data. In Fig. 3(a) it can be
seen that there are only first-near-neighbor peaks in the
Fourier transform of the iron EXAFS of the alloy, indi-
cating complete amorphicity since peaks from more dis-
tant neighbors are absent. The Fourier transform of the
yttrium EXAFS of the alloy shows only a weak structure
near R=2.1 A. This structure is so small that it is com-
parable to the noise level and cannot be further analyzed
with any degree of reliability.

By using a backtransform curve-fitting method de-
scribed in Ref. 2, it is possible to deduce the local envi-
ronment about the Fe atoms. We start by assuming mod-
el distribution functions’ for Fe-Fe, Fe-Y, and Y-Y pairs:

(1/2013)(rj—r0j Jexp[ —(r;—ro;) /o], r;>rg;
8;(r)= (1)
0, ri<rg

where o describes the disorder and asymmetry of the
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FIG. 3. Amplitude of the Fourier transforms of (a) iron and (b) yttrium K-edge EXAFS spectra of crystalline Fe,Y (solid lines) and
amorphous Fep 3Y0.70 (dashed lines). Amplitude of the transform of the yttrium EXAFS of the alloy is multiplied by 10.

g;(r) and rg; is the closest approach of the atoms. This
model, initially used to describe the EXAFS of liquids, is
especially attractive in that it lets us write the EXAFS

equation in a closed form:

tions of Teo and Lee.!° As a check, these calculations
were used to fit the Fe EXAFS of Fe,Y, whose structure
is well known.

The results of fitting the Fe EXAFS data for the amor-
phous alloy are given in Table I in which R=ry+ 30
(average distance). The Fe-to-Y near-neighbor ratio has

N; | filmk)| 1 :
X(k)=3 P 1+ (2ko )2 sin been corrected based on the analysis of the known Fe,Y.
j Toj J If, as the XANES spectra indicate, each iron atoms has
i 12 near neighbors, the ratio Ng./Ny dictates that the
X |2krg;j+alk)+tan average iron atom is surrounded by ten iron and two yt-
trium atoms. The reconstructed pair distribution func-
3_(2ko )2 tions using Eq. (1) shown in Fig. 4.
X |2ko ) ——— ] : ) B i
1—-3(2ko;) . Magnetic measurements
As a test for spin-glass behavior, the sample was
2m, 172 mounted and cooled at 5 K in zero field and the suscepti-
k= > (hv—Ey) , (3)
#i 5.5
where j denotes the jth backscattering shell, N; is the 5.0
number of atoms in the jth shell, | f;(7,k)| is the back- s o
scattering amplitude of the atoms in the jth shell, and ’ /N A
a(k) is an absorber-backscatterer—dependent phase shift. 40 / \/ \
E, is the photoejection threshold of the EXAFS event and £ 35 S
hv is the incident x-ray energy. It is possible to fit Eq. (2) ; 304 k \
to the backtransformed EXAFS data by varying the pa- £ \
rameters N, R, o, and E,. In principle, it is desirable to E 251 \
fit the EXAFS spectra of both constituent atoms simul- < 20 o\
taneously, constraining R, _p=Rz_, and o ,_p s | N \
=o0p_ 4. Such a simultaneous fitting was attempted but
was unsuccessful since the yttrium signal was so weak 10 AN
that no unique solution for the EXAFS could be found. 0.5 N \ N
0

However, the information from this attempt was useful in
putting upper bounds on the contributions of the Fe-Y
pairs to the iron EXAFS.

Since no good standard materials exist from which to
extract empirical phase-shift and backscattering functions,
these functions were approximated by using the calcula-

1.50 1.75 2.00 2.25 250 2.75 3.00 3.25 3.50 3.75 4.00 4.25
r (angstroms)

FIG. 4. Reconstructed near-neighbor distribution from Eq.
(1). Solid line is the total distribution, and the dashed lines are
the partial Fe-Fe and Fe-Y distributions.
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bility was subsequently measured in a 0.3-kOe field as the § 35 i
temperature increased. The susceptibility was a smooth, g 304 A
monotonically decreasing function as the temperature in- € 25/ ;
creased: there was no evidence of either (i) a peak or (ii) a g 20 tEY
nonmonotonic change in the derivative of susceptibility = C TR e
with respect to temperature—an indication of a peak that § ) Py e
has been broadened by the applied field. In later mea- 10 . .
surements at fixed low temperatures, the applied field was 05
cycled from near zero to 5 kOe and back to near zero: 0.0 g
there was no evidence of irreversible behavior. From 05

these features we conclude that the sample is not a spin
glass. Magnetization-versus-field sequences at low tem-
peratures were reproducible with no evidence of hysteresis
and exhibited a weak but clear curvature; this curvature
decreased with increasing temperature. More details on
this curvature are provided below in Sec. V. The major
result of the magnetic studies is given in Fig. 5, where
susceptibility data for the amorphous film plus substrate
and for just the amorphous film are plotted as a function
of temperature. These data were taken with an applied
field of 5 kOe. The data for the Fej 3,Y 7o film are con-
sistent with a Curie-Weiss law. When the arbitrary units
are converted into absolute units, the slope for the data in-
dicate a moment of 4up per molar unit or a moment of
6.9up per Fe atom assuming that the Y atoms have no
moment. Either value is too large for a single Fe atom.
C. EELS spectra

The electron-energy-loss spectra shown in Fig. 6 com-
pare the Ly, Lj-edge spectra of pure iron and that of
the Feg 30Yo 70 amorphous alloy. There is a decrease in

TABLE 1. Results of fitting the Fe EXAFS data for amor-
phous alloys.

680 690 700 710 720 730 740 750 760
Energy Loss (eV)

FIG. 6. Fe Ly,Ly spectra for (a) pure iron and (b) amor-
phous Feg 30Yo.70. Crosses represent experimental data and solid
lines show best fit described in text.

the overall amplitude of the peaks in the spectrum of the
amorphous alloy relative to that of the pure metal, and
it can also be seen that the ratio of the amplitudes of the
Ly and Ly peaks changes. These observations can be
further quantified using analysis methods described in
Ref. 5, in which the peaks are approximated by
Lorentzians and the steplike continuum backgrounds are
approximated by arctangent functions.!! Table II gives
the results of this analysis for the energy-loss spectra.

IV. DISCUSSION

It is apparent from the Fe-to-Y ratio about the iron
atoms in the amorphous alloy that the alloy cannot be
described as a random packing of hard spheres. For

TABLE II. A (Ly;) and A(Ly) are the white-line peak areas
normalized to the total number of iron atoms in the electron
beam. See Ref. 5.

ro g ﬁ NFe/NY A(L”[) A(L][) A(Ln])/A(L[])
Fe-Fe 2.09 0.23 2.78 5/1 Fe 57.2 17.0 34
Fe-Y 2.77 0.10 3.07 Feo.30Yo0.70 474 20.5 2.3
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random close-packed systems, Chappert et al.'? point
out that the probability distribution of N yttrium atoms
about iron in Fe,Y;_, can be written
N, 12—N
pn=12U=xrx =7 @)
NI(12—N)

This distribution for x =0.3 in Fig. 7 shows that the prob-
ability of finding ten iron atoms and two yttrium atoms
around iron is vanishingly small in a truly random amor-
phous alloy. We are forced to conclude that there is
significant short-range ordering in the form of iron cluster
formation.

From the EXAFS data it is possible to construct a
model for the iron clusters. If we assume a spherical clus-
ter, the 10:2 Fe:Y ratio dictates that the average cluster
would have a diameter of about eight atoms and would
contain about 260 atoms. If such clusters were distribut-
ed throughout a highly disordered yttrium matrix they
would be difficult, if not impossible, to image via
transmission electron microscopy in a 300-A sample.
Consequently, we can make no claims about the actual
shape or size distributions of the clusters.

Given the pair distribution function determined by the
EXAFS we can begin to make a phenomenological
description of how disorder can affect the magnetic prop-
erties of a material within a simple mean field model. In
a direct exchange crystalline system, the magnetization
depends on the number of interacting spins and an
interatomic-distance-dependent exchange parameter J;;.
For a given lattice, this coupling can be expressed as a
convolution of some function J(R) and a sum of & func-
tions 8(R —R;) representing a pair distribution function.
In an amorphous alloy, though, it is necessary to replace
these discrete interatomic distances with a continuous dis-
tribution of magnetic atoms; for direct exchange, we need
consider only nearest neighbors and thus it is appropriate
to use the partial near-neighbor distribution function,
J(R), obtained from an EXAFS experiment. In amor-
phous materials, the Hamiltonian describing magnetic in-
teractions must be expressed in terms of a convolution of
both J(R) and g (R).'®

Two features of the magnetic data require clarification
prior to any discussion of the detailed results. First, no
corrections for demagnetization effects have been applied.
A typical portion of the magnetic sample was approxi-
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FIG. 7. Probability histogram of N yttrium near neighbors
about Fe in Fej 30Y 70 from Eq. (4).
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mately 3 mm square and 0.0005 mm thick. Mounting
such portions parallel to the magnetic field meant the
demagnetizing factor was less than 10~3 and thereby
justified the omission of corrections.!> Second, there is an
apparent discontinuity in the susceptibility data between
30 and 35 K. This continuity was reproducible. However,
this temperature range is the region where the net
paramagnetism contribution from the film plus substrate
was just canceled by the diamagnetic contribution from
the Kel-F holder. Thus, the magnetometer effectively had
“no sample”; past experience indicates unusual and un-
physical “results” can be observed under this condition.
Since the susceptibility of the actual sample continues to
increase smoothly at lower temperatures, we have treated
this discontinuity as an artifact and have fitted the entire
data set to a single Curie-Weiss equation.

The magnetic properties of amorphous Fe,Y,_, have
been the subject of several studies and, in particular,
Coey et al.'* reported a detailed investigation of the
magnetic properties for 0.32 <x <0.88. Their data indi-
cated applied fields of 100 kOe or greater were required
to estimate saturation behavior reliably. From such sat-
uration data they found that the magnetic moment per
Fe atom, pug,, increased linearly with x from
0.2<x <0.7. In general, their data indicate systematic
changes in magnetic properties as x increases. They re-
port spin-glass behavior, asperomagnetic spin structures,
and evidence of band metamagnetism. Coey et al. con-
cluded that their study provided evidence of competing
ferromagnetic and antiferromagnetic interactions.

Our magnetic results are generally consistent with those
of Coey et al. We find no evidence of spin-glass behavior
down to 6 K in our x =0.3 sample; they found no evi-
dence of spin-glass behavior in an x=0.32 sample. We
find a weak but definite curvature in M versus H at lower
temperature. This is an expected precursor to the satura-
tion behavior Coey et al. found at fields 10—40 times our
applied field. The absolute value of susceptibility for our
sample is comparable (i.e., within a factor of 2) to the ab-
solute value reported by Coey et al. for an x =0.32 sam-
ple.

The agreement between the magnetic results is even
more striking when the 6.9up per Fe atom obtained from
our susceptibility data is considered. This value is more
than 3 times the value obtained for pure iron and thus is
physically unreasonable as it stands. However, the EX-
AFS data indicate that the Fe atoms are not randomly
distributed but are clustered. For susceptibility data the
moment of a cluster can increase with the number of
atoms in the cluster, but there is a related decrease in the
number of contributing clusters. Assuming that only Fe
atoms have moments, the net result of these related
changes is a susceptibility moment of V'N pg,., where N is
the number of Fe atoms in the cluster. The EXAFS data
indicate the clusters involve 260 atoms and this corre-
sponds to pg. of 0.42up. This value is in reasonable
agreement with the value of 0.36up reported by Coey
et al. for an x =0.32 sample. Their result was obtained
from saturation data.

The L-edge EELS data can be interpreted as further evi-
dence of the reduced magnetic moment in the amorphous
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alloy. Since the overwhelming contributions to the
Ly, Ly peak intensities comes from p-d transitions,!® an
overall decrease in the peak intensities could be interpret-
ed as a decrease in the number of holes in the d band. In
addition, the decrease in the Ly /L amplitude ratio can
correspond to an interband electron transfer between the
ds,, and d;,, subbands,’ resulting in decreased spin pair-
ing for atoms with d shells that are more than half-filled.

There is a conceptual approach which has all the
features of reduced moments, competing ferromagnetic
and antiferromagnetic interaction, and an expected field
dependence for magnetization. The presence of Fe atom
clusters can be viewed as stabilizing one form of Fe in
another matrix and the twelve-fold coordination of atoms
suggests thinking of close-packed arrangements similar to
face-centered cubic (fcc). fec iron is antiferromagnetic
with a small magnetic moment. The traditional Slater-
Pauling curve explains this behavior on the basis of an in-
teraction that changes from ferromagnetic to antiferro-
magnetic as the separation of the nearest neighbors in-
creases. bcc Fe, with a lattice parameter of 2.8664 Al
has a nearest-neighbor distance of 2.482 A and is fer-
romagnetic, while fcc Fe, with a lattice parameter of
3.6468 A,'® has a nearest-neighbor distance of 2.5791 A
and is antiferromagnetic. Crystalline fcc Fe is a single en-
try on the Slater-Pauling curve but the Fe clusters in our
Fey 30Y( 70 sample would correspond to a distribution of
distances. This distribution samples both the ferromag-
netic and antiferromagnetic interactions.

The recent local spin-density-functional calculation by
Kubler!” provides an alternative to the traditional Slater-
Pauling curve. Kubler’s calculations predict that an ex-
pansion of the fcc Fe lattice causes the antiferromagnetic
state and the ferromagnetic state to become degenerate.
For each state the value of ug. is a function of lattice pa-
rameter. Assuming that the antiferromagnetic-
ferromagnetic transformation is due only to short-range,
rather than long-range, order, these results indicate that
the Fe cluster could be viewed as a stabilized close-packed
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structure with a range of nearest-neighbor distances that
could sample the a distribution of magnetic interactions;
the average iron atom would experience an effective field
due to spatially varying moments and a distance-
dependent exchange function J (R) that could change sign
within the width of the near-neighbor distance distribu-
tion.

We conclude, then, that in the study of amorphous al-
loys it is an oversimplification to assume that the local or-
dering can be described as a dense random packing of
hard spheres. The majority of the EXAFS studies per-
formed to date'* have repeatedly demonstrated that,
since amorphous materials are metastable in a thermo-
dynamic sense, the presence or absence of clustering or
other forms of compositional short-range order cannot be
ignored. Truly random arrangements of atoms can most
certainly exist, depending on preparation conditions, cool-
ing rates, or thermal histories, but it seems that a random
packing of hard spheres must be treated as a special, rath-
er than a general, case. This fact alone accounts undoubt-
edly for the often contradictory results obtained on
different amorphous samples of the same composition
prepared in different laboratories under different condi-
tions.
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